[1] We present an experimental and modeling study of the effects of the 29 March 2006 solar eclipse in the topside ionosphere. Measurements of the densities and temperatures of the thermal electrons and ions were provided by instruments aboard the Centre National d'Etudes Spatiales microsatellite DEMETER, which flew over Europe and Africa near the time of maximum solar obscuration. Data from several orbits, either on the same day or on days encompassing the eclipse day, were available to determine a reference state of the ionosphere along the orbit in absence of eclipse. The comparison between this latter and the actual observations along the eclipse orbit reveal a clear thermal effect with a fast drop of about 200 K of the electron and ion temperatures that follows the variations of the solar UV flux in the F region of the ionosphere conjugate to the satellite position. The plasma density decreases by about 30% but with a significant delay and is better correlated with the solar UV flux averaged over the previous 1 to 2 h in the conjugate F region. This delayed and prolonged decrease of density induces an increase of the electron temperature to be higher than the reference ionosphere. We have also performed a modeling of the ionosphere using the SAMI2 code, after having introduced adequate modifications to reproduce fairly realistic eclipse conditions. Applied to the DEMETER conditions of observation, the model reproduces the observations very well. This work shows that the plasma temperature responds very quickly along the magnetic field lines to the variations of the energy available from the photoelectrons while the plasma density variations are controlled by more complex and slower transport processes.
Introduction
[2] Solar eclipses have always been of particular interest to ionospheric researchers since they offer an opportunity to study the response of the ionosphere to a known variation of the solar radiation. In early days it was anticipated that the variations of the ionosphere would provide useful information on the photochemical processes that control its production and dynamics [e.g., Anastassiades, 1970] , and a large number of experimental and modeling studies have been undertaken during the last decades [Evans, 1965; Roble et al., 1986; Cheng et al., 1992; Boitman et al., 1999; Yeh et al., 1997; Chen et al., 1999; MacPherson et al., 2000; Bamford, 2001] . Although a decrease of the electron density in the bottomside ionosphere, up to the peak of the F layer, and of the Total Electron Content (TEC) are regularly observed features, these studies have shown that ionospheric effects of solar eclipses are far more complex than what can be expected from the simple decrease of the ion and electron production in the shadowed regions. This is true even in the midlatitude and low-latitude F 2 layer [Risbeth, 2000] , where the time variations of the ionospheric plasma reflect a number of intricate processes that couple in a complex way photochemistry, transport, and diffusion along magnetic field lines and, possibly, neutral atmosphere disturbances triggered by its fast cooling along the path of the Moon shadow. This situation has resulted in significantly different and even contradictory observations for various eclipses that are often addressing puzzling questions.
[3] While most observations have been conducted on the bottomside ionosphere using ground-based measurements of the electron density profiles by ionospheric sounders and more recently TEC determinations from GPS receivers, a number of recent studies have addressed the effects of solar eclipses at higher altitudes. MacPherson et al. [2000] studied the eclipse of 26 February 1998 using observations from the Arecibo radar, and Tomás et al. [2007] reported observations from the CHAMP satellite during the eclipse of 8 April 2005. In this paper we present results obtained during the 29 March 2006 solar eclipse in the upper F region at middle and low latitude on the basis of plasma measurements performed by the Centre National d'Etudes Spatiales (CNES) DEMETER microsatellite and outputs from a modeling study of the ionosphere using the SAMI2 code [Huba et al., 2000; . DEMETER data were available during the "eclipse orbit" with a ground track very close to the location of maximum eclipse in both distance and time. Because of the nearly continuous operation of the satellite at latitudes less than ∼65°, a large number of orbits encompassing the eclipse orbit were available to determine a "reference ionosphere" reflecting the normal state of the ionosphere without eclipse. In section 2 we describe the conditions of the 29 March 2006 solar eclipse, and in section 3 we describe the DEMETER observations. A good knowledge of the reference ionosphere is necessary to quantify with enough accuracy the disturbances induced by the eclipse. Determining this reference ionosphere appears, from our own and previous works, as a key and often difficult question, which is discussed in detail in section 4. The SAMI2 model is introduced in section 5, with two configurations, to simulate the reference and the eclipse ionospheres, respectively. In section 6 we compare and discuss the simulation results and the DEMETER observations and conclude with an interpretation of the physical processes that control the ionosphere variations during a solar eclipse.
Solar Eclipse of 29 March 2006
[4] On 29 March 2006 a total annular solar eclipse occurred, starting from the sunrise terminator over Brazil at 0836 UT and extending across the Atlantic, Africa, and central Asia where it ended at sunset in Mongolia at 1148 UT. The instant of greatest eclipse occurred at 1011:18 UT over central Africa at 16.44°E longitude and 23.09°N latitude. In the Northern Hemisphere, the region of partial eclipse extended over a broad region over Europe and central Asia. In Figure 1 , reproduced from "Total Solar Eclipse of 2006 March 29" (http://eclipse.gsfc.nasa.gov/SEmono/TSE2006/TSE2006. html), the path of total eclipse and the contour lines of constant solar obscuration in the partial eclipse regions are drawn. The solar obscuration is defined as the percentage of the solar disk obscured by the Moon and depends on the time, longitude, latitude, and altitude of the point of observation. The eclipse is displayed for an observer on the Earth's surface. As seen in Figure 1 , the zone of partial eclipse with a significant solar obscuration of >20% extended as high as 60°in latitude in the Northern Hemisphere at the time of maximum total eclipse over Africa.
[5] Three successive dayside half orbits of DEMETER (referred by orbit number_0 in the text) are also shown in Figure 1 . The first (9253_0) and third (9255_0) half orbits occur before and after the eclipse, respectively, and are displaced by about 26°in longitude East and West, respectively, from the eclipse orbit. During the second orbit (9254_0), DEMETER itself crossed the Moon shadow and, for a significant part of the satellite path, the northern conjugate F region ionosphere encountered variable eclipse conditions up to a maximum of 50% solar obscuration. The satellite track on the Earth's surface crossed the total eclipse path at ∼1019:56 UT at 0.72°E and 6.46°N, only ∼8 min after the time of maximum eclipse that occurred at 1011:18 UT at 16.44°E and 23.09°N. Data from a number of other DEMETER orbits in the same longitudinal sector are available over a period of Figure 1 . Trace of the solar eclipse on the Earth's surface and DEMETER orbits. Orbit 9254_0 crosses the eclipse path, orbit 9253_0 is before the eclipse, and orbit 9255_0 is after the eclipse. The contour lines of 100%, 50%, and 20% solar obscuration are shown with green dots, and the location of the greatest eclipse is represented with a red star. ±20 days around 29 March: in particular, two orbits on 28 and 30 March with descending nodes only ∼6°from the descending node of the eclipse orbit.
DEMETER Observations
[6] DEMETER was launched on 30 June 2004 on a nearly Sun-synchronous orbit, at ∼715 km altitude with 98°incli-nation and a descending node at ∼1030 LT. The main objective of the mission is to search for possible disturbances of the ionospheric plasma and plasma waves that could be associated with seismic activity. To this aim, DEMETER is equipped with a fairly complete scientific payload with two instruments dedicated to thermal plasma measurements. IAP, the thermal ion analyzer [Berthelier et al., 2006] [Lebreton et al., 2006] , provides the electron density and temperature. During standard periods of observations, the scientific payload operates nearly continuously at geographic latitudes less than ∼65°.
[7] Shown in Figure 2 are the DEMETER measurements in the daytime half orbit 9253_0. This orbit is preceding the 9254_0 eclipse daytime half orbit by the DEMETER orbital period of ∼1.6 h and, therefore, not subject to solar eclipse. The corresponding data are displayed as a typical example of the orbit profile of the topside ionosphere in the African sector. The major ion is O + with a maximum of ∼20% H + at low latitudes. Larger plasma densities are observed near the magnetic equator, associated with a lower electron temperature. This is consistent with the anticorrelation between electron density and temperature usually observed at midlatitude because of the heating of a larger number of thermal electrons by a constant photoelectron flux. The absolute accuracy of the measured ion density is better than ∼15%, and its variations are known to be better than ∼2%. For ion temperatures in the range of 1300 K to 2000 K observed during the eclipse orbit, the absolute accuracy is better than ∼150 K, and its variations are known to be better than ∼50 K. The absolute error on the electron density provided by ISL is about 20% to 25%, with errors on their variations better than ∼5%. Measured electron temperature appears to be significantly larger (by a few hundred degrees kelvin) than that from an empirical ionospheric model such as IRI, an effect attributed to an accidental contamination during launch; however, the errors on their variations are less than ∼100 K. DEMETER data are usually displayed as a function of time (UT/LT) with indication of geographic longitude and latitude. However, the SAMI2 code, with which we performed the ionosphere modeling, uses a coordinate system based on the Earth's eccentric magnetic dipole. Therefore, for every position along the orbit, the geographic coordinates are transformed into eccentric magnetic latitude and longitude using the computational method adopted in SAMI2 and described by Huba et al. [2000] . (For the sake of simplicity, the term magnetic will be omitted in the following.) Starting with Figure 3 , the four ionospheric parameters, N e (electron density), T e (electron temperature), N i (density of the major ion species O + ), and ion temperature T i , will thus be displayed as a function of eccentric latitudes to ease the direct comparisons between DEMETER data and the SAMI2 results. Because of the high inclination of the DEMETER orbit, the variations of the ionospheric parameters along the orbit mainly depend on the eccentric latitude.
Reference Ionosphere and Eclipse-Induced Disturbances
[8] In order to determine the ionospheric disturbances induced by the eclipse along the orbit of DEMETER, one has to define a reference ionosphere, i.e., for each ionospheric parameter a baseline that should represent its variation along the eclipse orbit in the absence of solar obscuration. The accurate determination of this reference ionosphere has proved to be difficult in many of the previous works [e.g., Cheng et al., 1992; Huang et al., 1999] because of the lack of sufficient observations and, more importantly, because of the large day-to-day ionospheric variability [Forbes et al., 2000] . We have thus devoted careful attention to this question.
[9] At the middle and low latitudes, the state of the ionosphere depends on several factors, mainly (1) (5) two physical parameters, the convection electric field and thermospheric winds that control the dynamics of the plasma in the ionosphere and the plasmasphere.
[10] The convection electric field and thermospheric winds display large-scale variations in latitude and local time that mainly depend on auroral activity (represented by the 3 h ap or 3 h Kp index), superimposed with irregular variations responsible for the ionospheric variability. The coupling of auroral phenomena with plasmaspheric electric fields and thermospheric winds is a complicated problem, not well understood so far and beyond the scope of this paper. The influence of auroral activity on the midlatitude ionosphere and plasmasphere depends on the intensity and history of the auroral events. Strong plasmasphere disturbances are observed following magnetic storms, and the recovery may last many days. However, for the low-level geomagnetic activity observed on 29 March and 28 March (average ap ∼5 and average Kp over the previous 3 days <2), the effects of auroral activity on the midlatitude ionosphere must be low and should not be extended over more than ∼12 to 24 h. To build an accurate reference ionosphere, we have thus selected orbits with an instantaneous ap index and a sum of the eight previous ap indices (noted as "ap Sum D1" in Table 1 ) that are as close as possible to those of the eclipse orbit.
[11] The presence of the South Atlantic anomaly (SAA) ∼30°west of the eclipse orbit and the resulting interaction of quasi-trapped energetic electrons with the upper atmosphere Figure 3 . The DEMETER baselines and observations of the electron and O + densities and of the electron and ion temperatures during the eclipse orbit (9254_0). The baselines are determined using method I, i.e., the two orbits on 28 and 30 March which cross the equator at a longitude within <5°of that of the eclipse orbit. The color bar represents the period when the ionosphere F region at 250 km conjugate to the satellite position experiences a solar obscuration larger than 20%. result in noticeable and variable disturbances in the ionosphere [e.g., Sauvaud et al., 2006] . Since these effects extend significantly eastward from the SAA, using data from orbits more than ∼10°west of the eclipse orbit would likely be a source of inaccuracy in determining the reference ionosphere.
[12] The reference ionosphere can be obtained using three approaches with their own advantages and drawbacks. The first approach (labeled method I) uses the "same orbits," i.e., the two orbits 9239_0 (28 March) and 9269_0 (30 March) with descending nodes within ≤5°of the eclipse orbit. This has the advantage of making all the variations associated with factors (1), (2), and (4) negligible. In addition the F 10.7 index does not vary by more than two units around its mean value between 28 March and 30 March, and the ap Sum D1 in these two orbits are identical to that of the eclipse orbit (see Table 1 ), and the average Kp over the previous 3 days is <2. Thus, the possible effects of factors (3) and (5) are minimized.
[13] For the sake of completeness, we have also considered two other approaches, labeled methods II and III, respectively. Method II uses the "same day" orbits, i.e., orbits 9253_0 and 9255_0 in Figure 1 . This choice well satisfies the conditions on factors (1), (2), (3), and (5) but not (4) and may thus be impeded by the effect of longitudinal variations in the vicinity of the SAA. Method III uses an average over a larger number of orbits in an attempt to lessen the effect of the natural ionospheric variability by averaging over a (hopefully) homogeneous set of random instantaneous conditions. The selected orbits were chosen within a longitude range of maximum 20°east and 15°west of the eclipse orbit to reduce the effects of the SAA. To get a sufficient number of orbits with not too different magnetic activity and solar F 10.7 indices, we have been obliged to extend the selection over a period ±20 days from the eclipse day, which provides a total of 11 orbits, shown in Table 1 . Method III should bring some statistical improvement with respect to the first two methods but, using data over an extended period and with more variable auroral activity, certainly prevents reproducing the actual instantaneous conditions of the ionosphere on the eclipse day. In our study we have found that method II and method III offer less reliable references, and by far the most reliable one is method I. The results from method I have thus been used in this study.
[14] The data from each selected orbit of method I are processed as those of the eclipse orbit, i.e., the eccentric latitude and longitude are computed for satellite positions every ∼2 min and the data are organized as a function of eccentric latitude. The first and last two points are chosen with no (or <10%) solar obscuration, and the reference and eclipse ionospheric parameters should be practically equal at these positions. The mean and standard deviation (shown as error bars in Figure 3 ) are calculated for each eccentric latitude. Since there are only two data values, the error bar has been represented by the difference between the two values. The baselines for N e , T e , N i , T i estimated are displayed in Figure 3 , and the observations from the eclipse orbit (9254_0) are also plotted in order to show the variations induced by the eclipse. A color bar is added to indicate the part of the eclipse orbit when the solar obscuration in the conjugate ionosphere is larger than 20%. This part of orbit will be referred as "eclipse zone" in the following.
[15] In Figure 3 (from method I), the baseline electron temperature (solid blue line) appears to be consistently higher by ∼130 K than the eclipse curve (solid red line) on the first and last two points, although no difference should be expected because the conjugate ionospheres are out of the eclipse zone. This gives an estimate of the error made in determining the baseline mainly due to the ionosphere variability and to measurement inaccuracies. An opposite situation is observed on the ion temperature with the baseline about 80 K lower. To take these observations into account we have drawn "corrected baselines" shown as dashed blue lines that are expected to better represent the reference ionosphere. As far as the electron density and O + density are concerned, the differences between the baselines and the eclipse observations at the beginning and end of the latitude range are less marked. From a comparison at latitudes >25°S outh, the N e baseline may be ∼5% too low, but no difference is observed at the highest northern latitude. A similar ∼5% difference is observed for the N i baseline at both ends of the latitude range. This situation does not warrant any improvement of the baseline.
Numerical Simulation of Eclipse Effects
[16] In order to help in the interpretation of the DEME-TER observations, we have performed a numerical modeling of the ionosphere during the eclipse using the SAMI2 code. SAMI2 is an ionosphere-plasmasphere simulation code that has been developed at the Naval Research Laboratory (NRL) [Huba et al., 2000] to model the plasma production and transport in any geomagnetic plane. The code uses an eccentric dipole approximation for the Earth's magnetic field, and one of its main advantages is to set the boundary of the computing domain at 85 km altitude where photochemical equilibrium conditions can be safely assumed. In our simulation, the apex of the magnetic field line defining the high-latitude boundary of the computation plane is at 8000 km altitude, and there are 100 magnetic field tubes with 150 grid points along each tube. The main limitation of SAMI2 is, of course, to be restricted to a geomagnetic plane and thus not to take into account zonal plasma transport. ) and for electrons. The neutral atmosphere is specified by the empirical codes NRLMSISE00 and HWM93. Two parameters control the plasma transport: the zonal component of the convection electric field and the meridian component of the thermospheric winds, both being represented by parameterized empirical models. Similarly, the energy transfer from the photoelectrons to the thermal electrons is simulated through an adjustable parameter cqe in the range from 0.3 to 0.8. By comparing DEME-TER data on orbits close to the eclipse orbit and the SAMI2 results obtained using various models of the electric fields and thermospheric winds and cqe values, we found that the most appropriate configuration for the period of interest is obtained with the Fejer/Scherliess electric field empirical model [Scherliess and Fejer, 1999] , the neutral wind model used by Huba et al. [2002] with an amplitude reduced to 80% of its full value and a cqe value of 0.6.
[17] SAMI2 uses the EUVAC solar EUV flux model to calculate photoionization rates [Richards et al., 1994] . To represent the variation of the solar flux at any position and time during the eclipse, we have introduced in SAMI2 a solar obscuration function that depends on time, latitude, longitude, and altitude using a code developed by Pierre Rocher at Institut de Mecanique Celeste et de Calcul des Ephemerides, Paris Observatory. This code computes at any position the relative area of the solar disk that is masked by the Moon, and the solar UV flux impinging on the ionosphere is taken proportional to the nonobscured area of the solar disk. This assumption neglects the UV coronal emissions and entails an inaccuracy in the solar UV flux thought to be less than ∼10%. Since the recent Solar EUV Experiment (SEE) aboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) spacecraft provides solar spectral irradiance measurements with a higher resolution [Woods et al., 2005] , we have implemented the new SEE data in the model. Consistent with results published by Solomon and Qian [2005] with the National Center for Atmospheric Research model, the difference of solar flux induced by replacing the EUV model with SEE observations is however modest, less than about 10%, irrespective of the solar activity (F 10.7 values of 79 and 200). In order to get a stable and representative steady state of the ionosphere before simulating the eclipse, the simulation was started at 0000 UT and run for 48 h, with a time step of 30 s.
[18] We have selected 14 positions along the eclipse orbit (9254_0) ∼2 min apart from each other, with the first and last two points having no eclipse effects at any time as indicated above. In each position, the local geomagnetic plane in the eccentric dipole approximation is defined according to the SAMI2 procedure, and SAMI2 is run independently without (A) and with (B) eclipse conditions in each of the 14 computation planes. Since the solar obscuration is different in the northern and southern conjugate ionospheres in the same magnetic flux tube, we have calculated separately the nonlocal heating rates by photoelectrons created in the northern and southern ionosphere. Their combination produces the electron temperature at any point along the field line. In each geomagnetic plane the difference (B) -(A) provides the disturbances induced by the eclipse on the four main ionospheric parameters N e , T e , N i , T i . The results are plotted in Figure 4 as a function of eccentric latitude. N e and N i display a clear decrease from ∼30°N to 24°S with a maximum amplitude of ∼15% between ∼10°N and 12°S. A drop in T e and T i is observed starting at ∼44°N for T e and later at ∼37°N for T i , respectively, with a maximum amplitude of ∼200 K on T e and ∼120 K on T i . The two temperatures are back to their reference level at ∼15°N and then show an increase above their reference level that extends until 18°S for T e and 12°S for T i , with a maximum amplitude near the equator of ∼230 K for T e and ∼200 K for T i .
Discussion and Conclusion
[19] Summarizing the ground-based observations of the bottomside ionosphere during previous solar eclipses, Afraimovich et al. [2002] have shown that the electron density decrease lags by 5 to 20 min with respect to the maximum solar obscuration and lasts 60 to 120 min. On the other hand MacPherson et al. [2000] , using observations from the Arecibo incoherent scatter radar (ISR), have shown that the electron temperature at high altitudes along the magnetic field lines follows practically without delay the variation of the solar obscuration. To provide a simple physical insight in our results, we have plotted in Figure 5 two curves showing the varying eclipse conditions at three sets of locations: 14 selected points along the orbit of DEMETER (black curve), their northern conjugates (red curve), and their southern conjugates (blue points) at 250 km altitude. The numbers indicated on the horizontal axis are time in UT and eccentric latitude of DEMETER taken as negative when DEMETER is south from the equator. Because of the 98°i nclination of its orbit, DEMETER travels westward on the dayside half orbits. For two DEMETER positions with opposite magnetic latitudes and taking into consideration the declination of the magnetic field in the African sector, the field line corresponding to the negative latitude is west from the field line corresponding to the positive latitude. Figure 5 (top), which displays the instantaneous solar obscuration for the three sets of points mentioned above, shows a striking asymmetry between the northern and southern conjugate points of DEMETER. For all positions of the satellite along its orbit, its southern conjugate ionosphere is fully illuminated, while its northern conjugate ionosphere experiences varying eclipse conditions. On the magnetic field lines crossed by the satellite between 44°N and 24°S the northern ionosphere conjugate points of the satellite are subject to a solar obscuration larger than 20%, with a maximum of ∼50% on the field line crossed by DEMETER at ∼22°N. Shown in Figure 5 (bottom), for the same three sets of points, are the variations of the solar obscuration averaged over the 90 min preceding the time when DEME-TER crosses the corresponding field lines. Contrary to the instantaneous solar obscuration, the 90 min averaged solar obscuration is rather identical for the northern and southern ionospheres conjugate of DEMETER.
[20] From Figures 4 and 5 (bottom), a remarkable similarity is found between the latitudinal variations of N e and N i computed by SAMI2 and the 90 min averaged solar obscuration. N e and N i start to drop on the field lines crossed by DEMETER at ∼30°N and are back to normal on the field line crossed at ∼24°S, as does the 90 min averaged solar obscuration. The decrease in plasma density is maximum over a latitude range of ∼15°centered on the magnetic equator, which is slightly displaced toward south compared to the solar obscuration peak in Figure 5 (bottom). The decrease in plasma density at 700 km results from a combination of photochemical processes in the bottomside F region and transport processes, involving electric field drift, thermospheric winds, and plasma diffusion along the field lines. Figure 4 and 5 (bottom) show that the overall time constant of the plasma density variations at 700 km is long, about 90 min, resulting in a maximum effect after such a time interval.
[21] The situation is totally different for the electron and ion temperatures, as shown by Figures 4 and 5 (top) . T e responds without delay to the solar obscuration of the northern conjugate ionosphere and starts to decrease on field lines at ∼44°N latitude simultaneous with the rise of solar obscuration on these field lines. The drop in ion temperature T i lags by a few minutes, starting on field lines crossed by DEMETER at ∼37°N, about 2°west from the field line where the decrease of T e is first observed. Since the eclipse is moving eastward, the cooling of electrons associated with the solar obscuration has started earlier on these field lines, leading to the observed decrease of ∼70 K. Ions are heated through collisions with electrons, and the small collision frequency at high-altitude results in a longer time constant, consistent with the delay observed in the rise of T i compared to T e . However, the major, and at first sight surprising, difference between the behavior of the electron and O + densities on one hand and the electron and ion temperatures on the other hand is the increase of temperatures above their undisturbed levels on field lines crossed by DEMETER between ∼7°N and ∼20°S. As evidenced by Figure 5 (top) , the instantaneous solar obscuration starts to decrease on field Figure 4 . Simulation results from SAMI2 along the DEMETER eclipse orbit 9254_0 with two conditions: blue curve without eclipse (i.e., simulated baselines) and red curve with eclipse. The color bar represents the period when the ionosphere F region at 250 km conjugate to the satellite position experiences a solar obscuration larger than 20%. lines crossed by DEMETER at ∼22°N, and the eclipse ends on the field lines crossed by DEMETER at ∼24°S. The electron density has already decreased by ∼15% at 22°N. The energy input from photoelectrons is thus progressively back to normal on the field lines between 22°N and 24°S, while the plasma density, because of its slower response to eclipse, stays ∼15% below its undisturbed level over the field lines crossed by DEMETER between ∼15°N and 12°S latitudes. Model results (not presented here) show that the drop of the electron content of the tube of forces in the same region is of the same order of magnitude or even larger. The combination of two simultaneous and opposite effects, i.e., a drop in the total number of electrons in the tubes of force and the increase of the photoelectron production rate, i.e., of the energy transferred to these electrons, leads to an increased average energy available for each electron and thus to the rise of the electron temperature above undisturbed levels, although the tubes of force are still experiencing partial eclipse conditions.
[22] Now the model results (Figure 4 ) are compared with DEMETER observations (Figure 3) . At latitudes less than ∼35°the latitude profile of the electron density in the SAMI2 reference ionosphere is in fairly good agreement with the DEMETER N e baseline, showing a maximum of plasma density near the equator and a difference between model and observations of less than ∼5%. There is some discrepancy between model and observations on the ion composition with DEMETER data showing a ∼25% larger O + density at equator. Above 35°latitude, there is a significant difference between model and observations of the electron density, with DEMETER showing a rather flat latitude profile, while the SAMI2 plasma density increases toward higher latitudes. As noted earlier, we lack information on the latitude profiles of the electric fields and thermospheric winds that need to be used in the SAMI2 model. Also, SAMI2 is limited to a two-dimensional (2-D) geomagnetic plane, and thus the zonal transport is not taken into account. Observations from ISR or from a dense GPS network, such as the one over the United States or Japan that allows retrieving ionospheric profiles using tomographic techniques, would have been helpful to answer this question, but there is no ISR or any dense GPS network in the African longitude sector. However, we can mention that the initial results from a comparison between DEMETER and the Millstone Hill ISR data at a latitude of 42.6°have shown that the two sets of measurements agree very well on daytime half orbits for N e , N i , and T i . Therefore, we believe that the DEMETER data are reliable and that the differences observed at latitudes above 30°latitude may well be explained by SAMI2 limitations.
[23] Model results and observations are in good agreement for the ion temperature baseline in latitudes less than ∼35°. In both cases the latitudinal profiles display a minimum near the equator, associated with the maximum in plasma density, with an average difference less ∼200 K. For the electron temperature T e , both DEMETER and SAMI2 show a decrease below 35°and a minimum at the equator with a larger drop of ∼1200 K seen by DEMETER compared to the ∼800 K drop predicted by SAMI2. There is also a significant difference between the latitude profiles of from DEMETER and from SAMI2 at latitudes above 30°, with the DEMETER data showing larger T e values and a significant increase toward high latitudes. As already mentioned, the electron temperature measurements performed by ISL on DEMETER have been affected by an accidental contamination of the ISL probe at launch. This has been confirmed by the comparison with Millstone Hill data that shows that T e from DEMETER is consistently larger by 600 K to 1000 K than the ISR data. This effect may explain most of the discrepancies between the values of T e from DEMETER and the SAMI2 results. In addition, at latitudes above 30°a nd consistent with the larger electron density predicted by SAMI2, one would also expect a smaller SAMI2 T e which would thus result in an increased difference with DEMETER observations.
[24] To summarize, at latitudes less than ∼35°, there is an overall satisfactory agreement between the DEMETER N e , T e , N i , T i baselines and the latitude profiles of the SAMI2 reference ionosphere. Since the largest eclipse effects take place in this range of latitude, model results provide valuable information to help interpret the DEMETER observations.
[25] Both model and observations show that the solar eclipse induces a decrease of the electron and O + densities over a fairly extended latitude range centered at the equator. On the DEMETER profiles, the density drop appears more strongly peaked in latitude than on model curves. The observed maximum density drop amounts to 35% near the equator, and the depleted tubes of force extend from ∼15°N to ∼15°S. On the contrary the maximum model density decrease of ∼15% is seen in a large zone from ∼10°N to 10°S, with the depleted tube of force extended from 30°N to 24°S. These differences may be due, at least in part, to the uncertainties in the determination of the baselines of DEMETER data. This is well illustrated in Figure 3 : the large error bars near the equatorial maximum on the reference curve have a direct consequence on the estimated amplitude of the maximum density drop that, considering the amplitude of the error bar, may be reduced to less than 20%. Errors in the baseline at midlatitudes may also entail significant errors in the appreciation of small differences, hence on the latitude extent of the density depletion. Of course, there are also significant uncertainties in the model curves arising from the already mentioned shortcomings proper to 2-D models like SAMI2 and, more importantly, from the lack of knowledge of electric fields and thermospheric winds on the eclipse day that are known to be subject to a large variability. This variability and the lack of data make it practically impossible to reproduce with a great accuracy a given "instantaneous" state of the ionosphere.
[26] The electron and ion temperature data from DEMETER show the early decrease as predicted by the model while the density varies with a much longer time constant. The drop in electron temperature is only slightly delayed compared to model calculation, since it is first observed on field lines crossed by DEMETER at ∼35°latitude, while the drop in the model starts at ∼42°latitude. The maximum decrease in both T e and T i is ∼200 K, estimated from the corrected baseline, which fits very well with the model disturbance. The data also show a time lag, or equivalently a latitude lag, between the starts of the drops in T e and T i . In agreement with the model, the observed drop in T e and T i occurs on a limited region, and temperatures are then back to their normal levels practically when the drop in plasma density is maximum, close to ∼5°N. A subsequent increase in T e may be seen on the data between ∼8°N and 6°S with a maximum of ∼180 K as estimated from the corrected reference curve, very close to the corresponding value provided by SAMI2.
[27] Considering the uncertainties in the determined baselines of the observed parameters and the lack of knowledge of the transport terms (electric fields and thermospheric winds) that have to be inferred from statistical models, we can conclude that there is a fairly good agreement between model predictions and observations. The agreement is nearly perfect for the electron and ion temperature variations. Thermal electrons are heated through collisions with photoelectrons, and, in the upper F region, by heat conduction along the magnetic field, electron temperature follows the solar obscuration with a very short time constant. Thermal electrons, in turn, heat the thermal ions with a slightly longer time constant due to the less efficient energy transfer mechanism by electron-ion collisions; thus, the ion temperature variations follows the electron temperature variations with a noticeably longer time constant. Thermal effects induced by the eclipse develop along the magnetic field lines with a very short time constant and are therefore practically decoupled from the much slower photochemical and transport effects that control the plasma density variations which respond to the solar obscuration integrated over typically 1.5 h. In addition, thermal processes are well known and well simulated in SAMI2, which leads to the excellent and detailed agreement between modeled and observed electron and temperature variations. On the contrary the large dayto-day variability of electric fields and thermospheric winds combined with the neglect of zonal transport by the 2-D SAMI2 leads to a correspondingly large uncertainty in the transport terms during the eclipse period. This likely explains the detailed discrepancies in the densities between SAMI2 and DEMETER results superimposed on an overall satisfactory agreement. As a final remark, it may be noted that smaller-scale processes, such as gravity waves possibly induced by the cooling of the thermosphere at the passage of eclipse [Farge et al., 2003] , may also induce, with even longer time delay, some variations of the plasma density along the DEMETER orbit. However, they are certainly of small amplitude and difficult to observe on DEMETER data.
